An Intro to lon Traps
and the erkeley




Outline

® Short intro to ion traps.
® A novel ElectroStatic trap.

® Some possible applications.

® Project status.




Why Ion Traps?

® [ ocalization.
® [ow Energy.
® Dilute System.

Can be used for...
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General Principles

e 3D trapping requires a potential minimum. Conveniently
taken to be harmonic.
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General Principles

Ve =0=A+B+C=0
Take rotational symmetry to get A=B=1, C=-2.
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Linear Paul Trap Linear Paul Trap at WI '



Some Math (sorry...)

Pau! T raps
Ug + Vo cos it ) Applied between ring
2d2 and enacaps
EOM (homogeneous Mathieu): Stability Diagram

Lowesl stability region lor the of Paul Ion Trap  a-axis

0% Q)

52 = WP (Ug + Vi cos Qt)u 2
2 iso-mu

%—F(a—&y)u:()

(r =N, a; = a, = —2a, = —4QUy/Md*Q?,
g S=ilne= 2q,z o 262‘/0/]\4CZ2Q2)

"\ Slow macromotion

E super imposed with 0

¥ RF drive frequency u;(t) = A (1 B Qt) CoOSw;t
W; = 6152/2, B; ~ a; + q?/Q

Wuerker et al., J. Appl Phys 30, 342 (1959)
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Pact! 7T raps
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Some Math (sorry...)
Penrnng 7T raps

P 5.2
v= 2d? (r =22 Apply a magnetic field +
B = (0,0, B) DC electric field
F=-Qd+ Q7 x B)




Now What?
DeZ‘eCZ‘/on

® Destructive:

® [ower endcap voltage.

e HYV kick.

¢ TOF-ICR (Penning Trap).




Now What?
DeZ‘eCLZ‘/on

® Destructive:

® [ower endcap voltage. |l
[ ]

e HYV kick.

® TOF-ICR (Penning Trap).

drift tube

Vit - 2331460 / Hz ion trap

Resolution of ~10-? achieved for
stable ions.

K. Blaum, Phys. Kep. 425, |
(2006)
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Now What?
DeZ‘eCLZ‘/OH

® Destructive: Moving ion = Moving
charge = current

® [ower endcap voltage.
e HYV kick.

® TOF-ICR (Penning Trap).

® Non-Destructive:

® Bolometric detection.
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Also cools ions

(resistive cooling)




Now What?
DeZ‘eCLZ‘/on

® Destructive:
® [ower endcap voltage.
e HYV kick.

® TOF-ICR (Penning Trap).

® Non-Destructive:
® Bolometric detection.
® Fourier Transform.

® Broadband.

® Resonant.

Moving ion = Moving
charge = current

Detection of image
charges on electrodes

W e
} FFT-Analyzer

JFT-ICR"
fourier-transform-ion cyclotron resonance

More on this later




Now What?
DeZ‘eCLZ‘/on

® Destructive: Moving ion = Moving
charge = current

® [ower endcap voltage.

e HYV kick.

® TOF-ICR (Penning Trap).

® Non-Destructive:

® Bolometric detection. —
Easy, intuitive, cooool, but:

® Fourier Transform. e Expensive.

® Broadband. e Limited (mostly alkali-
like ions).
® Resonant.

Also, lets you do laser
® Optical. cooling.




An Electrostatic Ion Beam
Trap (EIBT) and (sosze)

Possible Applications



Ernshaw’s Theorem

A collection of point charges cannot be maintained in a stable
stationary equilibrium configuration solely by the electrostatic
interaction of the charges.

Restatement of Gauss” Law (for free space)

V-EocV-F:—Vqu:OJ

No local minima or maxima in free space (only saddle points).

Naively speaking — INO electrostatic ion traps




Ernshaw’s Theorem

A collection of point charges cannot be maintained in a stable
stationary equilibrium configuration solely by the electrostatic
interaction of the charges.

Restatement of Gauss’ Law (for free space)

V-EocV-F:—V2qb:OJ

No local minima or maxima in free space (only saddle points).

Naively speaking — INO electrostatic ion traps

Exceptions for:

Time varying & Magnetic fields.

Electronic correction.

Diamagnetic materials (aka “floating frog”).
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An Electrostatic lon Beam
Trap (EIBT) and (sons7e)

Possible Applications




But what about moving ions...

Ernshaw’s theorem talks about stationary charges.
Moving charges in an electrostatic field actually “see” changing fields.
Trap design very similar to a resonant cavity for laser light.

OPZ‘/‘CQ/ SZ‘QA// /Z‘y Condition

i
— e
e =
Conti n/nﬁ Potential Maxirieirns
gV i



Irap Design

=407 mm

Realized at the Weizmann Institute (Israel). Also used in a cryogenic
setup in Heidelberg.












Potential Contowrs
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[on Behavior In the Trap

From simple arguments the width of the ion
cloud in the trap should

increase as a function of the oscillation
number (not all ion have the exact same

energy).
Wy = (W§ + n*AT?)"/?

S/Shd/ 17 p/‘clé 294 electrode For
different ¢irmes after f/{?jecz‘/‘on :

D. Zajfrman e al ., I. Opt. Soc. Am. B20, 1025 (2003)
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From simple arguments the width of the ion
cloud in the trap should

increase as a function of the oscillation
number (not all ion have the exact same

energy).
Wy = (W§ + n*AT?)"/?

S/Snd/ 17 pl‘clé 294 electrode For
different Cimes atfter //decz‘/on 8

Using the pickup, it is possible to measure the
detuning coefficient for different values of the
(outer) electrode potential.

D. Zajfrman e al ., I. Opt. Soc. Am. B20, 1025 (2003)
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surprise...
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For some values of the
potential there is no dispersion!

surprise...
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Why?

Vi(z) = 0 x| < L/2 D mode/ for Zhe poZ‘enZ‘/d/ in Che
F(lx| = L/2) |x|> L/2
Crap
T i 4 L | mruv Oscillation pe/‘/‘oo/ for ion ewith
o oW gl imtial velocitdy V
di’  4m 2L

—=() Extrenicirnt Counimeins) condidion

dv =~ qF 12
For V<yg. 25 KV ( empirically, #or 4 .24\
Art lons) d7/4dV >0
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Why?

Vi(z) = 0 x| < L/2 D mode/ for Zhe poZ‘enZ(/d/ in Che
F(le| —L/2) |z[>L/2
Crap
T i 4 L | mruv Oscillation pel‘/‘oo/ for ion ewith
o oW gl imtial velocitdy V
di’  4m 2L

— O EXZ‘/‘&M//(M (M/‘n/‘mé(m> Cona//‘f/‘on

dv =~ qF 12
For V<yg. 25 KV ( empirically, #or 4 .24\
Art lons) d7/4dV Do

%/zﬁ/?e/* enerqy rons Spend / onger 1n Che »urror
reﬁfon. On Zhe a)ay Aac(/ f/?ey Speea/ Lp Zhe
[ocoer enerqy 1ons and get s /oewed Ay Zhent.




Why?

V) — 0 g = Jh) 2 D riode! For Zhe poZ‘enZ(/‘d/ in Che
F(lz| = L/2) |z| > L/2

- Zrap
| g 1on ewith
I'=4 <; If you were an accelerator physicist
‘ vyou would call this:
dI'  4n  “Negative Mass Instability” o
— Condition

dv — qF
For %44,75 K\/(emp/‘h‘ca//y, For 4/.2,@9\/
Art /‘on5> 0/770/1/ 20

Y/{g/]er enerqy IonsS S pena/ / onger in Che »urror
regfon. On Zhe way Aacé f/?ey S peea/ Lp Zhe

/ooer enerqy/ rons and qu‘ S/lowed Ay Zhent.




POSSIBLE
APPLICATIONS
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So what is it good for? (1)
Mass

Specz(roé COpy
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Fourier Transform the pickup charge
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Fourier Transform the pickup charge

|

|

77‘@? SelectiVe in ?/ &l

|

|

Different /s oZ‘opeS —
have a different

oscillation £ reguency

in the trap.




Fourier Transform the pickup charge
f: A AAAD,
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Fourier Transform the pickup Charge

PEGs mass spectrum
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World Mass Resolutions
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e Produced via ¥Ar(p,d)*Ar °
Al with ~27 MeV protons. B LA A A
(269 yr)e 4OAT pretty much the K. K. Johnson et a/., Nucl Phys
easiest stuff to get. A0, 13 (1965)
e Long lived - easy
transport.
o 3840Ar stable - perfect for
calibration.

e All-in-all a good test case.
F. Herfurth et af ., I. Phys. B: AZ. Mol. Opt. PAys. 36, 931 (2003)
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So what is it good for? (2)
Mass Selection

Skimmer Einzel Lens x,y Deflectors Beam Cleaner Electrostatic lon Beam Trap
Ionlzer Entrance Mirror Mass Selector Exit Mirror
R I |—| il
ug === =ale ST T
vvvv '; vvvv
Supersomc 4.2 kV 3Va Vz Vs V. VaVaVyVy
Expansion Pick-up Electrode
251 no mass selection
= with mass selection
Apply RF pulse at correct frequency g |
to “kick out” bunches with incorrect = ' ,
215t
o)

oscillation frequency.

|
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So what is it good for? (3)

I decay studies

—

dl’ ﬁe'ﬁu m 1ﬁe'ﬁv (ﬁe])(ﬁl/;) A
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T 2= 1) =% < (e s e D e D X Dy e
J+D)-8<(T-7?>] <J> [ B ph  Bexp <

=Ty J ol e o7 E.E,
Parameter Observable Sensitivity SM Prediction

1 for pure fermi
a B-v (recoil) correlation Tensor & Scalar terms |-1/3 for pure GT
or combination

(fierzbferm) Comparison of B+ to EC rate SV/T/A interference 0
A B asymmetry fo.r polarized Tensor,.ST/VA Nicleus dependent
nuclei Parity
8 \Y; asymme.fry (recoul.) for Tensor,TA/ST/VA/SA/VT Nucleus dependent
polarized nuclei Parity
0 T (e ST/VA Interference ;

TRI




[on Trap for [ decay - been done before (or in
planning)

e WITCH - ISOLDE/CERN
e TITAN - TRIUMEF
e [LPC-Cean - GANIL
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[on Trap for [ decay - been done before (or in
planning)

WITCH - ISOLDE/CERN
TITAN - TRIUMEF
LPC-Cean - GANIL

Complicated

Can we «@sSe an

Superconducting
EIB7 for tAhs?

Big / Stationary




p-Decay Studies
The General Tdea Position

Detector
MCP

Electric Field Free Region

* Recoil ion detected in MCP.

* B detected in position detectors.

* Need bunch position for full reconstruction (multiple scattering of 3 in
detectors).

* Large solid angle + kinematic focussing — detection efficiency > 50%.

* No need for electrostatic acceleration (ions at ~keV). Decay in field free

Trapping electrodes

region.



Some Simulation Results

p decay of ?!Na* —?!Ne* + * + v

Kinetic energy of original ion 4.2KeV

Cuts require hits in only one MCP and only
one SSD (no ambiguity)

| MCP Hit Position |

20~ Scintillator Energy Deposit
Energy at MCP i BUUU
- 0_
2000 I i
i - 4000f-
201 S
‘ Kinematic focusing
1000_ _40 1 1 1 | 1 1 1 | 1 1 1 | 1 1
i -40 -20 0 20 2000}
X [mm]
N 8§ 10 On..|.|....|.1|
E,ncp [KEV] 0 1000 2000 3000

E [KeV]



Polarization in [3-Decay Studies

N edat Z‘/‘/‘Cllé

T o e Conalbior 5

Field Coils

Electric Field Free Region

Scintillator
<

B Field

» Add on-axis magnetic field for Zeeman splitting.

« On-axis field does not effect the trajectories (V X B = 0).

e Polarize ions with circularly polarized lasers.

* Due to large doppler shift (high energy ions) = two independent ion
populations (parallel / anti-parallel).

« MCP hit is determined by direction of ion = each MCP sees only one

population.

 Need polarizable ions (usually singly ionized alkaline earth metals - which
look like alkali metals when singly ionized).



!

° Add On_axi' Mddh Oh/y POS\S/‘A/Q /‘h

e On-axis fielc
e Polarize ion.

MCP

Polarization in [3-Decay Studies

N eat Z‘r/‘Cé

j Fled .

Electric Field Free Region

| o
> 0)

Scintillator v

optical and €S traps

<
iy

B Field

 Due to large doppler shift (high energy ions) = two independent ion
populations (parallel / anti-parallel).
« MCP hit is determined by direction of ion — each MCP sees only one

population.

 Need polarizable ions (usually singly ionized alkaline earth metals - which
look like alkali metals when singly ionized).



EXAMPLE 37K
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Translates to TOF

Decay Scheme on MCPS
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11/2- / VS 3944 ; <0.0028 <0.0001 >5.7 1:1/2:860 ms
3/2+ \ 3939 /. <0.00030  <0.00001 >6.7 .
5/2— / S \MV{/’ <0.00039  <0.00001 6.7 For 4.2keV ~360GHz doppler Shlft B
9/2— y 3598 /  <0.00070 0.00001 6.7 .
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/ 397@ B by

3/2+ 0.0 99.921 0.0768 3.6326

S1/2

= CO
0O
~
\]
(e}




“High Energy” Chemistry (IV)
4 e, eXper/‘Mehf /i oo,é/‘nﬁ for a Z(/’Ieor/‘é Z

* Production of radioactive molecules/ * Radioactive decay dumps a lot of
dimer/ clusters is fairly trivial (usually a energy and momentum into the decay
side effect of the production of radioactive products.
atoms/ions). * Time scale for decay/emission of

* Jonization of such molecules - also trivial. shakeoff products is effectively

* ES trap can easily trap molecules of instantaneous.

hundreds of amu (also used for bio-
molecules).

* Detect molecular decays in ES trap.

 Energy /Momentum sharing between decay products (electronic
interaction timescales?).

» Angular correlation in decays (potential?).

 High detection efficiency.

* Mass resolution good enough for selection of different numbers of

radioactive atoms in clusters 23n,, — 21Na23Na; 2
Nen ~ 52 Trivial
23Na4 - 21Na223Na2 4

Y

4N323 92




Open Issues

Installation at LBL (ECR source, isotope selection
(probably start with *?Ar)) - looking at using 4O

beamline.

Detector design: SSD, Thick GEM+Scintillator .

Detection:

e Initially we plan to use image charge detection (but
that is relevant for large ion populations or highly
charged ions).

e Single ion detection? (Relevant for SH) sg«/72>7?

Ion bunch size:

e Injection bunch size (fast switches, but would also be
nice to bunch first with say an RFQ).

e Wl are trying to reduce bunch size by RF voltages on
the electrodes.

e  We want to try several schemes (“stochastic cooling”
- RF kicker, Laser cooling where applicable).
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Summary

Ion traps are useful for many applications.

But... conventional ion traps are problematic and
technically challenging.

EIBT is an easy and versatile trap to make. Can
almost be a “black box” transportable setup.

We expect to have a trap setup for installation
soon, initially for mass spectroscopy but hopefully
later for [5 decay studies.

Collaboration/Comments/Ideas always welcome.



THGEM - Thick Gaseous Electron Multiplier
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